Abstract
Introduction

23
The physical mechanism leading to ductile fracture in polycrystalline materials is nucleation 24 and growth of microvoids [1, 2] . When the microvoids reach a certain volume fraction, they 25 induce plastic flow localization before the material is torn apart. Tekoğlu et al. [3] 26 investigated the competition between plastic flow localization occurring either as shear 27 banding due to material softening or as internal necking and void coalescence in the ligament 28 between the microvoids. Onset of strain localization due to either of the two aforementioned 29 mechanisms is influenced by the stress state. A commonly used parameter to describe the 30 hydrostatic stress state is the stress triaxiality, , which is the ratio of the hydrostatic stress 31 and the von Mises equivalent stress. Increased stress triaxiality increases the rate of void 32 growth and so decreases the material's ductility, e.g. [4] [5] [6] [7] . Recent findings from macro-scale 33 experiments [8] [9] [10] [11] and unit cell models [12] [13] [14] show that the deviatoric stress state also 34 influences the ductility at low levels of stress triaxiality. The deviatoric stress state can be material's ductility should be well understood for enhancement of future design.
42
The most commonly used macroscopic measure to describe ductility is the equivalent plastic 43 strain at onset of plastic flow localization or material failure, f p . For strain fields with high 44 gradients, strain values depend strongly on the size of the region over which they are derived. 45 In the late 19 th century, Barba [17] encountered this phenomenon in uniaxial tensile tests 46 experiencing diffuse necking and estimated the engineering failure strain by dividing the 47 elongation into a uniform part which is independent of the gauge length and a non-uniform 48 part which depends on the gauge length and needs to be calibrated for a specific material. 49 According to Barba's law, the engineering failure strain, f e , in a uniaxial tension test is 50 expressed as [17] The nominal geometry of the uniaxial tension (UT) test specimen is given in Fig. 1 A is the measured initial cross-section area of the specimen, and L is the extensometer 131 gauge length. Fig. 3(a) and (e) show the engineering stress-strain curves for Docol 600DL and 132 Docol 1400M, respectively.
133
The tests were recorded at a frequency of 2 images per second, and the strains were calculated 134 from the displacement field using an initial nodal spacing of 1.2 mm. The strain magnitude 135 field in the last image before fracture, f e , of one of the duplicates is shown in Fig. 4 
Plane-strain tension tests
141
The plane-strain tension (PST) tests were conducted in an Instron 5900 hydraulic tensile 142 testing machine. The hydraulic actuator had a loading rate of 0.9 mm/min which gave an 143 initial strain rate in the gauge area of A of the shear test specimen.
170
The camera was recording the tests at a framing rate of 1 Hz, and the initial nodal spacing in 171 the DIC grid was 0.5 mm. The strain magnitude field in the last image before onset of fracture 172 was ~1.0 for Docol 600DL and ~0.60 for Docol 1400M, as shown in Fig. 4 (c) and (g).
173
Evidently the gauge zone has rotated before failure and the strain localizes in a thin band 174 inclined with respect to the loading direction. geometry is presented in Fig. 1(d The dynamic yield function is given by 
Finite element models
212
Solid elements were used to discretize the test specimens in the finite element (FE) models. The localization analyses are carried out using the velocity gradient L extracted from the 315 finite element simulations in the elements where failure is assumed to occur. Based on these 316 data, the stress state outside the band was re-computed assuming rate-independent plasticity 317 by a stand-alone FORTRAN code. The same solver was used to enforce equilibrium for the dp dp p p
390
The average values of stress triaxiality and Lode parameter are plotted in Fig. 9 together with tests more sensitive to small imperfections on the surface of the specimens. As the finite 465 element models are built assuming a perfect surface geometry, the ductility would then be 466 overestimated.
467
The through-thickness inclination of the critical band for the two different steel grades and the 468 three different material tests are given in Table 3 . At localization, the azimuth angle is equal to 90° for the UT and PST tests, while it is indeterminate for the NK test as the in-plane 470 principal stresses are equal. It was concluded by Rudnicki and Rice [50] [52]. In terms of local stress states, Fig. 12(b) shows the evolution of the stress triaxiality and 532
Lode parameter inside the band in red compared to the plane stress locus and stress states 533 outside the band in black. As observed in Fig. 11(c) 
